The effect of long-term oral sodium loading on blood pressure and on stress-induced cardiovascular response was studied in normotensive and marginally hypertensive young adults. The 121 subjects, 18-23 years old, included 38 whites and 83 blacks. Blood pressure and heart rate response to the stress of mental arithmetic was measured before and after 14 days of sodium load, which consisted of 10 g NaCl/day added to the usual diet. A sodium-sensitive response to sodium load occurred in 18.4% of whites and 37.3% of blacks. Sodium-insensitive subjects had a higher rate of sodium excretion (p<0.001). Sodium-sensitive hypertensive subjects had a significantly greater weight gain (p<0.001). A significant correlation between blood pressure change and sodium excretion (r=-0.28, p<0.01) occurred in the sodiumsensitive group. The high sodium intake did not augment the blood pressure or heart rate response to the ^-adrenergic-mediated stimulus of mental arithmetic in the population when grouped by blood pressure, race, or sodium sensitivity. These results suggest that blood pressure increase in response to sodium load, particularly in blacks, is related to functional changes in peripheral vascular resistance. (Hypertension 1990;15:36-43) T he prevalence of hypertension is greater in black adults than in whites.
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- 2 The mechanisms directing the development of essential hypertension have not been delineated but appear to be operative at an early age. However, investigations on blood pressure during childhood have shown no consistent difference in blood pressure by race in children or adolescents. 3 -7 Epidemiological studies have demonstrated an association of environmental stressors with higher average blood pressure and greater hypertension-related mortality. 8 ' 9 Based on these reports and several experimental studies, it has been proposed that an excessive cardiovascular response to physical or mental stressors may contribute to the development of essential hypertension. 1011 From extensive hemodynamic studies in young adults, Julius 12 characterized borderline hypertension as a condition of high blood pressure, high cardiac output, and normal peripheral resistance. The theoretical basis for this model of borderline hypertension is that neurogenic stimulation provokes an enhanced /3-adrenergic response that in turn effects an increase in cardiac output. 13 A high stress-induced cardiovascular response has been demonstrated in offspring of hypertensive parents 14 and also has been shown to have some predictability of future hypertension. 15 -18 However, this elevated cardiovascular response as an isolated mechanism in the development of essential hypertension remains to be confirmed in extended longitudinal studies.
There is also considerable epidemiological data that implicates dietary sodium as an etiologic factor in the development of essential hypertension. 19 Although sodium intake correlates with the prevalence of hypertension among populations, the effect of sodium intake among individuals is less consistent. Investigations on normotensive adults have demonstrated an increase in blood pressure with sodium loading 20 and a reduction in blood pressure with sodium restriction. 21 These studies also found that within study groups the response to sodium intake is heterogeneous. Weinberger et al 22 performed extensive studies on sodium sensitivity in black adults and white adults. These investigators found racial variations in blood pressure responses to sodium loading and depletion, with a greater prevalence of sodium sensitivity among blacks. Their studies on adults also demonstrated that the increase in blood pressure with age appears to be dependent on sodium sensitivity.
The purpose of this investigation was to determine if the response to long-term oral sodium loading differed in young black and young white adults. Additionally, the study was designed to determine whether the cardiovascular response to psychogenic stress was augmented by a high sodium intake.
Methods
Subjects who participated in this project were all young adults ranging in age from 18 to 23 years. The protocol for this study was approved by the Institutional Review Board of Hahnemann University. Written informed consent was obtained from all participants at the time of enrollment. All subjects had blood pressure measurements taken before enrollment. The study excluded subjects with diastolic blood pressure greater than 95 mm Hg and subjects on antihypertensive therapy.
The overall design of this study was to investigate the cardiovascular response to an intense psychogenic stress before and after a period of longterm oral sodium loading. Subjects were requested to bring two timed overnight urine samples to the first session. At this first session a medical history (which addressed questions of illness, medication, or substance use) and a family history of hypertension was obtained. Subjects who reported hypertension in a parent or sibling were regarded as having a positive family history (FH+) of hypertension. Subjects who reported no hypertension in first-degree relatives were regarded as family history negative (FH-). A physical examination was performed. Anthropometric measures including height, weight, and triceps skin fold thickness were obtained. After a 10-minute rest period, casual blood pressure measurements were obtained by auscultation with a mercury column Baumanometer in the seated, supine, and erect positions, with a 5-minute interval between position change. The average of two measurements was determined in each position. The average seated blood pressure was regarded as the preintervention casual blood pressure for this study.
The stress-testing protocol was similar to that previously described.
14 Each subject rested supine in a quiet room for 30 minutes. Blood pressure monitoring then began with an automated instrument (model 900B, Vitastat, Indianapolis, Indiana). The instrument was calibrated with a mercury column reliability, and reproducibility of this instrument in our laboratory has been described. 23 Throughout this protocol, blood pressure and heart rate measurements were obtained at 1-minute intervals. The average of the first 10 minutes was designated as the baseline before-stress blood pressure and heart rate. This basal blood pressure was also designated the baseline blood pressure before sodium loading. Mental stress was then induced by having each subject perform difficult mental arithmetic for a period of 10 minutes. The means of the blood pressure and heart rate measurements during this phase were designated as the stress values. At completion of the mental arithmetic, blood pressure and heart rate were recorded for a 5-minute period designated as the recovery period. The subject then stood upright. Blood pressure and heart rate were recorded for another 5 minutes in the standing position; this phase was designated in this report as the upright phase.
After the mental stress test, subjects were given instructions on the sodium loading; they were asked to maintain their usual diet and to consume 10 g NaCl daily, provided as 1 g NaCl matrix tablets (Sodium Chloride, Eli Lilly and Co., Indianapolis, Indiana). Subjects were encouraged to drink fluid as needed to satisfy any additional thirst. Each subject was seen in 7 days for blood pressure and body weight measurements. On the 14th day of sodium load, the subjects underwent the final session. At this time casual blood pressure and body weight were determined, and the mental stress testing protocol was repeated. A food questionnaire was given before sodium loading and on the seventh and 14th days to check for any significant deviation in usual diet during the sodium loading. Compliance with the sodium loading was checked by the timed overnight urine collections obtained before loading and on the sixth, seventh, 13th, and 14th days. These samples were analyzed for sodium, potassium, and creatinine.
This study was based on an unbalanced factorial design consisting of race and blood pressure classification. Race groups were balanced with nearly equal distribution of men and women. The hemodynamic parameters, changes in hemodynamic parameters, urine sodium, sodium/potassium ratios (Na: K), and changes in sodium excretion were analyzed with a three-way analysis of variance of blood pressure classification, race, and sodium sensitivity. Adjustments in means due to differences in the covariates of age, sex, height, and body weight before sodium loading were considered by using an analysis of covariance but were found to provide negligible changes. Therefore, reported means are as observed. Correlations among all numerically continuous variables were analyzed with the Pearson r. Correlation coefficients and differences between means were considered significant for/?<0.05.
Results
Of 129 recruited individuals, 121 subjects completed the study with documented compliance. The subjects who completed the study included 83 blacks and 38 whites. Both blacks and whites were designated as normotensive or marginal hypertensive on the basis of their casual seated blood pressure; those with repeated mean arterial pressure (MAP) less than 95 mm Hg while seated were designated normotensive. A MAP of 95 mm Hg or greater would reflect the upper quintile of the blood pressure distribution for young adults over age 18 years. 24 In this study, those with MAP 95 mm Hg or greater were designated marginal hypertensive. With this classification, the normotensive subjects included 47 blacks and 30 whites; the hypertensive subjects included 36 blacks and eight whites. Table 1 provides average seated blood pressure, heart rate, body size, age, and sex distribution of the groups. The hypertensive subjects as a group were taller and heavier than the normotensive subjects. However, the hypertensive group had more men, and the normotensive group contained more women. When body size measurements were compared among the groups by sex, the hypertensive subjects, both men and women, were heavier, but this difference was not statistically significant. The response to the long-term oral sodium loading was analyzed by blood pressure classification (normotensive or hypertensive) and race. Part A of Table  2 provides these results. There was no racial difference in MAP before sodium load. After sodium load, the MAP was significantly greater in blacks (/?=0.005), and the change in MAP with sodium loading was greater in blacks (/?=0.03). This difference was largely due to the blood pressure response exhibited by the normotensive blacks.
Individual subjects were then characterized as sodium sensitive or sodium insensitive on the basis of their change in MAP after sodium loading. Using the criteria reported by Sullivan et al, 25 subjects with a 5% increase in MAP from levels before sodium loading were considered sodium sensitive. Subjects with less than 5% increase in MAP were classified as sodium insensitive. With these criteria, 18.4% of the white population was sodium sensitive and 37.3% of the black population was sodium sensitive. The blood pressure response to sodium loading by race and sodium sensitivity is presented in part B of Table 2 . Before sodium load, the sodium-insensitive blacks had a higher MAP (p<0.01) than sodium-sensitive blacks and sodium-insensitive whites. After sodium load, the sodium-insensitive whites had a lower MAP than the other three groups (/?<0.01).
Part C of Table 2 provides the MAP response to sodium load of normotensive and hypertensive individuals grouped according to sodium sensitivity. The sodium-sensitive groups exhibit the rise in MAP as expected according to the definition. Of note is the mean increase in weight (2.05 kg) in the sodiumsensitive hypertensive group. This change was significantly different (/?<0.001) from the other groups.
Data on sodium excretion is provided for the normotensive and hypertensive individuals subgrouped according to sodium sensitivity in Table 3 . Values are presented for average urine sodium concentration, millequivalents of sodium per gram creatinine excretion, and for urine Na^K. The sodiuminsensitive hypertensive group had a significantly higher sodium excretion (p<0.001). Lower sodium excretion rates occurred in those with the greatest rise in blood pressure. There was a statistically significant correlation (r=-0.28, p<0.01) between the change in MAP and sodium excretion after sodium loading in the sodium-sensitive groups. Thus, the rise in MAP in the sodium-sensitive groups appears to be related to a depressed rate of sodium excretion in sodium-sensitive subjects. The Na : K was higher in blacks than whites before and after sodium load. However, these differences were not statistically significant.
The data on cardiovascular response to neurogenic stress was analyzed according to similar blood pressure classification, race, and sodium sensitivity. These data are presented in Table 4 . Part A of Table 4 provides the MAP at each phase of the mental stress test before and after sodium loading. The mean stressed MAP was greater in whites than blacks (p=0.013). Also, the reactivity (i.e., change from baseline to stress MAP) was significantly greater in whites than blacks (/?=0.002). Hypertensive individuals, regardless of race, had higher MAP than normotensive individuals at each phase of the stress test (p<0.01). The blood pressure during stress and the reactivity were unchanged in any of these groups after the sodium load.
Part B of Table 4 presents the response to mental stress before and after sodium loading with the population classified by sodium sensitivity. Sodium sensitivity did not distinguish the blood pressure response to stress in either the normotensive or hypertensive population. After sodium load, the baseline MAP was higher in the sodium-sensitive groups. However, the MAP during stress was unchanged in the sodium-loaded condition. The only significant change that emerged after the sodium loading was a greater upright MAP in the sodium-sensitive group compared with the sodium-insensitive groups (p=0.005).
The data on stress-induced cardiovascular response were also analyzed by family history of hypertension. The family history data is based on self-report by the subjects. Despite the potential of this method for inaccuracy and under reporting, the self-report of first-degree relatives with hypertension in this urban young population was quite high. FH+ was reported in 38% of whites and in 67% of blacks. Hypertensive mothers were reported in five of 38 (13%) whites and in 45 of 83 (54%) blacks. Hypertensive fathers were reported in nine of 38 (24%) whites and in 15 of 83 (18%) blacks. Hypertensive siblings were reported in four of 38 (10%) whites and in 13 of 83 (16%) blacks. The FH+ group had a higher MAP than the F Hgroup before sodium load (/>=0.02) and after sodium load (p=0.029). During the stress testing, the FH+ group had a greater MAP than the F H -group at baseline (/>=0.008), stress (/?=0.01), recovery (/>=0.002), and upright position (/>=0.006). After the sodium load, there was no significant change in any phase of the stress response or in the reactivity. In this population, a greater stress response occurred in the whites and also in the group with FH+ of hypertension. However, the sodium loading appeared to have no effect on the cardiovascular response to the stress of difficult mental arithmetic.
Discussion
The results of this investigation on sodium loading in young adults demonstrate a higher prevalence of sodium sensitivity in blacks (37%) than in whites (18%). Although there is no uniform definition of sodium sensitivity, the 5% or greater increase in MAP that we used to distinguish sodium sensitivity is a pressure change consistent with other reports. 25 ' 26 In extensive studies of sodium loading and sodium depletion on a somewhat older adult population, Weinburger et al 22 have described a greater prevalence of sodium sensitivity in both normotensive and hypertensive blacks. In their studies, a delay in excretion of an infused sodium load was characteristic of sodium-sensitive subjects. The present study demonstrates that sodium sensitivity is identifiable with long-term oral sodium loading at a younger age. The detection of a greater prevalence of sodium sensitivity in blacks is consistent with the report by Weinberger et al 22 and also correlates with other reports of lower plasma renin levels and a blunted response to furosemide-stimulated plasma renin activity in blacks.
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In the present study, the data on sodium excretion show different patterns in the sodium-sensitive and sodium-insensitive groups. In both normotensive and hypertensive groups, sodium-sensitive subjects had a delayed rate of sodium excretion. Guyton and coworkers 3031 proposed that the kidney functions as a blood pressure regulator by its control of salt and water excretion in both the hypertensive and normotensive state. Kimura et al 32 used this concept in describing the change in slope on a renal function curve before and after corrective surgery in patients with primary hyperaldosteronism. After corrective surgery and removal of the stimulus for volume expansion, sodium excretion increased. Depressed sodium excretion during long-term oral sodium loading was present in our hypertensive sodium-sensitive subjects. This group is also the one that exhibited the significant weight gain during the sodium loading. The normotensive sodium-sensitive subjects exhibited a similar depressed sodium excretion, indicating that factors other than renal regulation of sodium excretion alone determine levels of blood pressure.
The sodium-insensitive hypertensive subjects exhibited a renal excretion pattern that was similar to that of the sodium-insensitive normotensive subjects. Compared with the sodium-sensitive subjects, this group exhibited a greater increase in excretion of the sodium load with no change in MAP. A phenomenon of exaggerated natriuresis in essential hypertension has been documented. However, this pattern has been described in subjects with established hypertension and in response to an acute saline load producing rapid extracellular volume expansion. 33 " 35 More recent investigations have demonstrated a heterogeneity in sodium excretion rates after saline loads in hypertensive patients. 36 Rydstedt et al 37 studied sodium excretion rates after saline infusion in hypertensive individuals grouped by before sodiumloading renin levels. Those with normal renin hypertension had a blunted rate of sodium excretion after a saline load. The exaggerated natriuresis occurred in those characterized by low renin hypertension. Rigorous renin profilings were not obtained on our subjects. Also, the methods of sodium loading in this study were chronic rather than acute infusion. However, it is possible that a preexisting low renin status, particularly in the blacks, could have resulted in an exaggerated natriuresis and unchanged body weight in the sodium-insensitive hypertensive group.
Several investigators have studied cardiac and peripheral hemodynamic characteristics of sodium sensitivity in human subjects. In normotensive subjects, forearm vascular resistance falls as dietary sodium is increased. 38 A high sodium intake in borderline hypertension results in an increase in forearm vascular resistance. These changes are augmented by norepinephrine infusion or sympathetic stimulation. 39 Koolen and Van Brummelen 40 reported that saltsensitive subjects exhibited a decrease in forearm blood flow on a high salt diet, whereas salt-insensitive subjects had an increase in forearm blood flow on high salt intake. In their study, they also observed that patients with hypertension who were salt sensitive had higher norepinephrine levels during their usual diet, and on high salt intake, norepinephrine release increased.
In a young adult population, Sullivan et al 25 reported an association of sodium sensitivity with elevation of forearm vascular resistance in both normotensive and borderline hypertensive individuals.
In their predominantly white population, it was also observed that the sodium-sensitive subjects were able to lower their forearm vascular resistance significantly after isotonic exercise to levels near those of the sodium-resistant subjects, indicating that the elevated resistance could not be explained entirely by structural vascular changes. The rigorous vascular hemodynamic studies at differing levels of sodium intake that were performed by Sullivan et al 25 have not been performed on a young black population, but will be of value in light of emerging evidence on racial differences in hypertension.
The present study was designed to determine if the cardiovascular response to the neurogenic stimulus of mental arithmetic would be augmented by the high sodium intake. Before sodium loading, the blood pressure response to mental stress was significantly greater in those with FH+ of hypertension than in those with F H -of hypertension. Despite the problems of self-report as a method of classification by family history, these results are similar to our previous observations in adolescents.
14 However, the blood pressure and heart rate response was essentially the same after sodium loading in all groups indicating that the high sodium intake had no effect on this stress-induced /3-adrenergic-mediated cardiac response.
Mental arithmetic is considered an active-coping type of cognitive stressor and is associated with greater /3-adrenergic responses. 4142 Several studies have reported a greater response to psychogenic stressors in borderline hypertensive than in normotensive individuals. 4344 However, many of the clinical investigations on neurogenic-cardiovascular interaction have studied racially mixed populations. Fredickson 45 compared racial differences in cardiovascular reactivity to mental stress in hypertensive adults. Although the black sample was small, he observed that, compared with whites, blacks had less cardiac sympathomimetic responses but had greater vascular responses to mental stress. Recently, Light et al 46 investigated the cardiovascular response to active-coping stressors in college-age men. Blacks were compared with whites in both normotensive and marginally hypertensive groups. The hypertensive group demonstrated a greater response than the normotensive group. The systolic blood pressure response was greatest in the black hypertensive group, but without an attendant increase in heart rate. These investigators propose that the blunted heart rate response reflected a greater peripheral vascular resistance in marginally hypertensive blacks. In our study, the stress response was greater in the hypertensive than in the normotensive group. When the black hypertensive group was compared with the black normotensive group, the mean arterial pressure was greater during stress, but there was no difference in heart rate response. The heart rate response to stress was greater in the white hypertensive than in the black hypertensive group. However, the sample size of white hypertensive individuals was too small to determine levels of significance. The high sodium intake did not alter the /3-adrenergic-mediated response to mental stress.
There is recent evidence that a-adrenergic activity may account for racial differences in cardiovascular response patterns. Anderson et al 47 found that normotensive black college students show greater increases in forearm vascular resistance and blood pressure compared with whites in response to an ice pack on the forehead, a stimulus that, like the cold pressor test, elicits a-adrenergic activity. Sullivan et alal 48 investigated vascular sensitivity to infusions of the a-adrenergic agonist norepinephrine in blacks and whites under conditions of low and high dietary sodium. During the infusion, hypertensive individuals had higher blood pressure at each norepinephrine dosage, but the slopes of the dose-response curves were the same for normotensive and hypertensive individuals. On the high sodium intake, however, black hypertensive individuals had an augmented blood pressure response to norepinephrine, whereas white hypertensive individuals had a reduced dose response to the same infusion. These reports demonstrate an augmented a-adrenergic receptor sensitivity in blacks and suggest that there may be a peripheral vascular variation in black hypertension that emerges under a high sodium condition.
The present study demonstrates that a sodiumsensitive blood pressure response can be identified in some young adults by long-term oral sodium loading. The incidence of sodium sensitivity was greater in blacks than in whites and also was greater in normotensive blacks than in hypertensive blacks. Sodium-sensitive subjects, both normotensive and hypertensive, had blunted rates of sodium excretion when compared with sodium-insensitive subjects. These data are consistent with other reports, which indicate that sodium sensitivity is more prevalent in blacks. The results also indicate that variations in response to high sodium intake can be detected at a young age. The data demonstrates that the pressor effect of a sodium load does not mediate an enhanced response to centrally directed sympathetic stimuli. In this study, the high sodium intake did not augment the blood pressure response to the /3-adrenergic-mediated stimulus of mental arithmetic. These results suggest that the blood pressure increase in response to sodium load, particularly in blacks, could be related to functional changes in peripheral vascular resistance.
